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A B S T R A C T

An understanding of the nucleation and growth mechanism of methane hydrate in porous space is essential for
exploitation and application of hydrates, but the mechanism is yet to be clarified. Magnetic resonance imaging
(MRI) was employed to visually analyze the spatial and temporal formation behavior of methane hydrate in a
porous media. Detailed information about the water distribution, initial nucleation sites, and hydrate growth
was obtained, in addition to MRI images. The results demonstrated that the water molecules distributed in the
vertical direction preferred the middle slice of a porous medium sample, and the decrease in the number of
molecules in the middle slice and on both sides of the slice was similar during hydrate formation. The formation
process are quite different in selected horizontal slices, which were contributed to the various distribution of
water and gas in pore spaces and the randomness of methane hydrate formation. The extension of these pre-
dicted results could have important implications for optimizing the formation processes of gas hydrate in hy-
drate-based technologies.

1. Introduction

Natural gas hydrate, also known as methane hydrate (CH4·5.75H2O
or 4CH4·23H2O) is an ice-like, non-stoichiometric crystalline compound
that develops when small guest molecules are encased in host frame-
works of water molecules formed by hydrogen bonding at low tem-
perature and under high pressure [1,2]. Natural gas hydrate widely
exists in marine environments and regions with permafrost. It is esti-
mated that the total amount of hydrocarbons contained in existing fossil
fuels is only half that in natural gas hydrate [3]. Therefore, the ex-
ploitation of natural gas hydrate can help address issues regarding en-
ergy shortage and environmental pollution. Moreover, many countries
regard natural gas hydrate as an important energy source [4].

Although there are various methods to extract natural gas from its
hydrate form, such as thermal stimulation, depressurization, inhibitor
injection, and carbon dioxide replacement, the actual execution is still
difficult and the technology has yet to be realized in commercial mining
applications [5,6]. The nucleation and growth mechanism of gas

hydrates in porous space or natural sediments is not well understood,
and it remains a great challenge to describe the kinetics of hydrate
formation because of the stochastic nucleation and the large number of
molecules and long period of time required for the growth process [1].
However, hydrate exploitation depends on the dynamic characteristics
of hydrate formation in a porous microstructure because the mechan-
ical strength and permeability of the hydrate-bearing sediments have an
important effect on heat and mass transfer [7]. The hydro-thermo-
chemo-mechanical coupling process during hydrate formation and
dissociation affects the spatial distribution of hydrate molecules in the
sediment, which in turn controls gas production during the mining
process [8,9]. Moreover, the enhancement of the kinetic conversion of
water to hydrate is also the key factor for carbon capture [10] and
natural gas separation [11], cool storage [12], heavy-metal separation
[13], and other hydrate applications.

Therefore, it is essential to study the formation characteristics of
hydrates in porous media. Several methods, such as powder X-ray dif-
fraction (XRD), Raman spectroscopy, X-ray computed tomography (X-
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ray CT), and magnetic resonance imaging (MRI), have been used to
study hydrate formation and dissociation. Tang et al. obtained the de-
velopment of diffraction peaks as a function of time during hydrate
formation via in situ XRD [14]. Kida et al. studied the effect of guest
composition and structural properties on the lattice parameters and
density via powder XRD and solid-state carbon-13 nuclear magnetic
resonance (13C NMR) spectroscopy [15]. Using Raman spectroscopy, Li
et al. examined the hydrate nucleation mechanism in the presence of
hydrophobized particles and established a quantitative relationship
between hydrate-nucleation promotion and water-molecule ordering
near the solid surface [16]. Cheng et al. used the MRI signal intensity to
study the growth and dissociation characteristics of CO2 hydrate in
porous media with different pore sizes under different pressures and at
different temperatures [17]. Among these methods, MRI has been
widely used in material and engineering science, and the entire process
of hydrate formation and dissociation can be clearly observed, even in
porous media.

As briefly discussed, MRI is an emerging technology applied in
porous medium to overcome the deficiently spatial and temporal re-
solution in traditionally in-situ observation method. For instance, a full-
3D-CT scanning of crystal hydrate in porous medium spent over tens of
minutes [18]. Furthermore, limited studies have focused on the spatial
and temporal characteristic of methane hydrate formation by using
MRI, although extensive in-situ observations of methane hydrate dis-
sociation with MRI monitor have been conducted in the past few dec-
ades [19–21]. Thus, in this study, the spatial and temporal formation
behavior of methane hydrate in unconsolidated porous media was
studied with an 1H MRI system. Experiments on methane hydrate for-
mation were carried out in media with different levels of water sa-
turation. The pressure, mean intensity (MI), water saturation (Sw), gas
saturation (Sg), hydrate saturation (Sh), and MRI images during the
hydrate formation process were obtained and analyzed. Different slices
of the sample in the vertical and horizontal directions were selected to
analyze the characteristics of water and gas migration during hydrate
formation. The findings could provide guidelines for hydrate exploita-
tion, gas storage and separation, cool storage, and other hydrate ap-
plications.

2. Experimental section

2.1. Materials

The CH4 gas (99.99%) used in this study for hydrate formation was
supplied by Dalian Special Gas Co. Ltd., Dalian, China. Quartz glass
beads (0.18–0.22mm; mean particle size d=0.2mm; specific gravity
Gs = 1.5) (BZ-02 ASONE, Co., Ltd., Osaka, Japan) were mixed with
deionized water (resistivity ρ=18.2MΩ·cm at 25 °C). The MRI ex-
perimental temperature was controlled by a coolant (Fluorinert FC-40,
3M, St. Paul, MN, USA), which was a non-magnetic liquid and could not
be visualized by MRI, and therefore minimized the interference of radio
frequency (RF) field artifacts on the imaging system. Additional details
about the materials can be found in our previous works [19–21].

2.2. Experimental apparatus

Fig. 1 shows the apparatus employed in this experiment. It mainly
consisted of an MRI system (Varian, Inc., Palo Alto, CA, USA) with a
high-pressure MRI chamber, two syringe pumps (260D, Teledyne ISCO
Inc., Lincoln, NE, USA), two refrigerated circulators (F25-ME, JULABO
INV., Seelbach, Germany), a vacuum pump (SHB-11 A, SJSK Exp. Co.,
Ltd., Tianjin, China), and a data acquisition system.

The inner diameter and length of the high-pressure MRI chamber
(made of non-magnetic materials) were 15 and 200mm, respectively,
and the maximum working pressure was 15MPa. A cooling jacket was
wrapped around the high-pressure MRI chamber to control the tem-
perature within the range of −28 to 200 °C with a precision

of± 0.01 K. Compared with 1H in methane or solids (methane hydrate
or ice), 1H in liquid water has a much longer transverse relaxation time.
Therefore, only 1H in liquid water could be detected by the experi-
mental MRI system (operating at 400MHz and 9.4 T) with a spin-echo
multi-slice (SEMS) pulse sequence. The parameters of the SEMS used in
this study were as follows: time of repetition= 1000ms; time of
echo=4.39ms; field of view=30mm×30mm; thickness= 4.0mm;
image date matrix= 128 pixel× 128 pixel; voxel resolu-
tion= 0.234×0.234mm2/pixel2; and acquisition time=128 s. One
syringe pump was used to inject water (or gas) into the high-pressure
MRI chamber, while the back pressure was maintained by the other
syringe pump. The refrigerated circulators were used to provide con-
stant-temperature conditions for the experimental system (including
gas, water, and high-pressure MRI chamber). The temperature of the
high-pressure MRI chamber was monitored by a thermocouple (Yamari
Industries, Osaka, Japan) with a precision of± 0.1 K in the range of
245–473 K, while the pressure was monitored by two pressure trans-
ducers (Nagano Co., Ltd., Shizuoka, Japan) with a precision
of± 0.1MPa in the range of 0–27.6MPa. The thermocouple and
pressure transducers were connected to the data acquisition system.

2.3. Experimental procedure

First, the BZ-02 quartz glass beads were packed into the high-
pressure MRI chamber. Next, the high-pressure MRI chamber was
placed into the MRI system and connected to the experimental devices.
The air in the high-pressure MRI chamber was evacuated by the va-
cuum pump for 0.5 h. Deionized water was then injected from the
bottom of the high-pressure MRI chamber until the porous medium was
fully saturated and remained stable for 1 h. Low-pressure CH4 gas was
injected into the porous medium from the top of the high-pressure MRI
chamber. Meanwhile, the deionized water was discharged. Once the
targeted water saturation in the porous medium was obtained, the high-
pressure MRI chamber was closed and cooled to 275.15 K by the re-
frigerated circulator. When the temperature of the high-pressure MRI
chamber reached 275.15 K, cooled high-pressure CH4 gas (275.15 K,
and 4.2MPa) was injected into the high-pressure MRI chamber until the
target pressure was obtained. During the process of hydrate formation,
the intensity of 1H signals was monitored by the MRI system. Additional
details about the experimental procedure can be found in our previous
works [19–21].

3. Results and discussion

Saturation (S) is defined as the volume of one component (water,
methane hydrate, or gas) relative to the total volume of pore space in
the porous medium. The mean intensity (MI) of 1H signals in MRI
images reflects the liquid water distribution and could be used to cal-
culate the water saturation. When the porous medium was fully satu-
rated with deionized water, the MI was defined as Ifull. After partial
deionized water was discharged by the injected low-pressure CH4 gas,
the MI was described as I0, thus, the initial water saturation (Sw0) could
be calculated in Eq. (1):

=S I
I

,w0
0

full (1)

With methane hydrate formations, liquid water was consumed and
MIs decreased. Ii represents the MI at the ith min and corresponding
water saturation could be described using Eq. (2):

=
×S I S

I
,w

i w0

0 (2)

The following Eq. (3) is generally used to describe the reaction of
methane hydrate formation and dissociation:

+ ⇌ ⋅h hCH H O CH H Ow w4 2 4 2 (3)
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Here, hw is the molar mass of methane hydrate when the hydrate
number is 6 [2].

For forming 1mol of methane hydrate, the volumes of reacted water
and formed hydrate are described in Eqs. (4) and (5):

=V M
ρ

6
w

w

w (4)

=V M
ρMH

MH

MH (5)

where the density of water (ρw) and methane hydrate (ρMH) are 1 g/cm3

and 0.918 g/cm3 [2], ignoring the effect of pressure and temperature;
the molar mass of water (Mw) and methane hydrate (MMH) are 18 g/mol
and 124.14 g/mol [2], respectively. Thus, 1.25m3 of methane hydrate
can be formed from 1 m3 of fresh water.

Therefore the time-lapsed hydrate saturation (Sh) and gas saturation
(Sg) could be estimated by Eqs. (6) and (7)

= ×
− ×S I I S

I
1.25 ( ) ,h

0 i w0

0 (6)

= − −S S S1 ,g h w (7)

3.1. Temporal characteristics of methane hydrate formation

Case 1 of methane hydrate sample with initial waster saturation
Sw0= 0.28 was prepared in glass bead BZ-02 to investigate the tem-
poral and spatial characteristic of hydrate formation.

Fig. 2a shows the MI variations, pressure histories and methane
hydrate saturation growths curves in Case 1 during methane hydrate
formation. The chamber pressure and MRI signal decreased as hydrate
was forming by consuming the liquid water and CH4 gas. At initial stage
(almost 0 to 290min), rapid increases in MI and pressure curves were
observed, which indicated that massive hydrate forms in pore spaces.
Then, variations in all curves gradually slowed down. It took
800–1000min before observing the stabilization in MI variations and
pressure histories which indicating the complete formation of methane
hydrate. Additionally, the variations in MI and pressure showed the
same trends, but they were not synchronized in time, possibly because
only the middle section of the high-pressure MRI chamber could be

monitored by the MRI system with a field of view measuring
30mm×30mm. Pressure transducers were at the top and bottom of
the high-pressure MRI chamber, there was a time lag between hydrate
formation and gas diffusion. Fig. 2b shows the curves of Sw and Sg and

Fig. 1. Schematic diagram of experimental MRI system.

Fig. 2. Methane hydrate formation process in Case 1: (a) Mean intensity (MI)
and pressure (P) as a functions of time; (b) Sh and Sg as functions of time.
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MRI images obtained during the hydrate formation process in Case 1.
The inset MRI images at points “a” and “b” show the stochastic nu-
cleation and growth, which correspond to the stages of gradual and
abrupt increase, respectively, during the hydrate formation process. As
mentioned above, the value of MI reflects the amount of 1H in the free
deionized water distributed in the pores between quartz glass beads;
therefore, the darkening of the image indicates a reduction in Sw re-
presented by point “c” in Fig. 2b and an increase in Sh represented by
point “d.”

Decreased MIs (ΔI) and increased hydrate saturations (ΔSh) were
used to define the consumed rate of liquid water (KMI) and the forma-
tion rate of methane hydrate (Rh) in this study, which reflected the
variation trend of MI and hydrate saturation curves in Fig. 2a.

=
− +K I I

Δt
,MI

i i Δt
(8)

=
−

+

R
S S

Δt
,h

h
i Δt

h
i

(9)

where Ii and Ii+Δt are MI at the “i” and “i+ Δt”minutes, respectively; Shi

and Shi+Δt are methane hydrate saturation at the “i” and “i+ Δt”
minutes, respectively; and Δt is 2 min 8 s, which was the acquisition
time resolution of the sequence.

During the whole period of methane hydrate formation, the average
formation rate of methane hydrate is defined in Eq. (10).

=R S
t

,h
h

(10)

where t is the total time of hydrate dissociation; and Sh is the total
methane hydrate saturation that dissociated.

As shown in Fig. 3, in the rapid stage (0–290min), Rh changes be-
tween 2.0×10−4 min−1 and 8.0× 10−3 min−1, and the maximum Rh

achieves almost 7.7× 10−3 min−1. During the slow stage
(290–1000min), Rh is almost lower than 5.0×10−4 min−1, especially
some abnormal moment (such as, t=748.8 min and
Rh=4.1× 10−3 min−1). These results further demonstrated that me-
thane hydrate formation in porous medium of this study could be di-
vided into two stages: the rapid growth stage ( = ×

− −R 7.0 10 minh
4 1)

and the followed slow formation stage ( = ×
− −R 6.6 10 minh

5 1).

3.2. Dynamic tracking of methane hydrate formation with different initial
water saturation

Variations of MRI signals and hydrate saturations predicted and
discussed in Section 3.1 have a great use for analyzing the temporal
characteristic of methane hydrate formation in porous medium. The

extension of this result could have important implications for observing
methane hydrate growth and formation with different natural condi-
tions. In this study, variously initial water saturations are considered
(Sw0=0.28 in Case 1 and Case 1–2; Sw0=0.40 in Case 2, Case 2–2,
and Case 2–3).

Fig. 4a shows the variations of methane hydrate saturations during
hydrate formation in porous media with different initial water satura-
tions. The increased hydrate saturation curve in Case 1 and Case 1–2
were similar, which can be explained by that the initial distribution of
water and gas were almost the same before methane hydrate formation
in these two cases, owing to the repeated porous samples without re-
packing glass beads and re-injecting water and gas. However, when
porous samples mixed with deionized water and CH4 gas were re-pre-
pared with similar initial water saturation in Cases 2, 2–2, and 2–3, the
formation process are quite different, which were contributed to the
various distribution of water and gas in pore spaces and the randomness
of methane hydrate formation. These results indicated that the growth
of crystal hydrate was both affected by the macro-properties (initial
water saturation herein) and micro-characteristic (initial water dis-
tribution in pore spaces herein). Therefore, the MRI technology would
have a great use for analyzing the physical mechanism of hydrate
crystal growth by simultaneously obtaining macro- and micro-para-
meters.

Fig. 4b summarizes the initial water saturation (Sw0), the final water
saturation (Sw-final), and the formed hydrate saturation (Sh) in these five
cases. With the increase in Sw0 from 0.28 to 0.40, Sh raised from 0.26 to
0.40. There results suggested that the increased liquid water could be
converted to more methane hydrates when guest gases were abundant

Fig. 3. Methane hydrate formation rate during methane hydrate formation in
Case 1.

Fig. 4. Methane hydrate formation in Cases 1, 1–2, 2, 2–2 and 2–3.
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(high-pressure CH4 gas in this study). Moreover, Sw-final were small but
all were higher than 0.07, which can be explained by that the residual
water in pore spaces are trapped within methane hydrate and hard to
contact with CH4 gases to form hydrates.

3.3. Visual analysis of the spatial formation behavior

As mentioned above, only 1H contained in liquid water could be
detected by the experimental MRI system, so the distribution of deio-
nized water during the hydrate formation process could be monitored
by detecting 1H and analyzing the images shown in Fig. 5. The brighter
the color, the more water molecules are represented in the image pixel.
At the initial time (0min), the color of the pixels corresponding to the
interior wall of the high-pressure MRI chamber was obviously darker
than that of pixels corresponding to the middle slice of the sample of
porous medium. It can be explained by the “wall effect” [22] and low-
pressure CH4 gas injection before methane hydrate formation. After
partial deionized water was discharged during the injection of low-
pressure CH4 gas into the porous medium, more residual water remain
in the center of the MRI chamber. Due to the “wall effect”, i.e., the
porosity near the wall is larger than in the internal space, which means
the capillary in the smaller pores near the center has higher capillary
force and also has lower intrinsic permeability than the larger pores.
Water molecules could not adhere to the smooth inner wall surface, and
it had a lower capillary force and higher intrinsic permeability for
distribution. Furthermore, the surface of the wall provided a large
number of sites for nucleation and heat transfer required for the for-
mation of methane hydrate. Additionally, the top and bottom of the
MRI images was affected by an artifact of the MRI device. To observe
crystal hydrate formation in porous medium with fast and dynamic MRI
monitoring, the spatial resolution was attenuation. In practice, the
gradient should be significantly stronger than the internal magnetic
field inhomogeneity to ensure that the spatial and temporal precision is
essentially sample independent, but it should be weak enough to avoid
broadening the lines beyond detection.

Although the high-pressure CH4 gas was injected from the top of the
MRI chamber, with methane hydrate formation in porous medium, the
color at the MRI images peripheries first became dark (6.4 min), which
suggested that hydrate preferentially growth along the chamber walls

due to more efficient heat dissipation. And then the dark area spread to
the middle of the imaged section in spatial anisotropy (from 6.4 to
136.5 min), which demonstrated the random formation of crystal hy-
drate in porous medium (Red elliptical region). Next, the residual liquid
water in the white region was slowly converted to the solid hydrate
between 238.9 and 356.3 min. It may be caused by that the previous
formed hydrate in pore spaces impede the diffusion of CH4 gas from the
top side of the MRI chamber to the surface of residual water in pores.
This result further explained the slow formation stage in Fig. 2. Finally,
some zones, including the white region, within the MRI chamber were
still slightly bright (883.2 min), indicating residually unconverted
water in this sample. This may be attributed to water trapped within
hydrate shells and not in direct contact with the CH4 gas to form hy-
drate.

3.4. Qualitative analysis of hydrate formation behavior in vertical and
horizontal sample slices

As previous results, 1H MRI technology would be a significant
method to monitor the chemical conversion process in porous medium
involving heat transfer and mass transport. 1D MRI signals and ex-
tended 2D and 3D MRI maps could be useful to predicted the quanti-
tative values of local liquid water saturation. In this section, spatially
quantified analysis of liquid water in vertical and horizontal sample
slices were obtained during methane hydrate formation.

As shown in Fig. 6, MIs in selected vertical slices were different
although the decreased trends of these MIs curves were similar, which
agreed with the rapid growth stage and the followed slow formation
stage in Fig. 2. Such vertical resolved MIs of hydrate formation had
shown that the conversion of water into methane hydrate was hetero-
geneous, suggesting that it was difficult to define the intrinsic growth
mechanism in terms of the stochastic conversion processes of hydrates.
In slices L and R, the MI approximately matched the whole hydrate
sample, whereas in slice M it was higher than the whole MRI images.
These results demonstrated that average hydrate formation rates mea-
sured for the whole hydrate samples were less insightful to understand
the physical mechanism of hydrate growth at micro scale.

As shown in Fig. 7, the different horizontal slices exhibited similar
values of MI in the initial stage, which means that water was uniformly

Fig. 5. Water distribution during methane hydrate formation in Case 1.
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distributed in all of them. However, the value of MI of slice A gradually
decreased over time, while those of slices B and C first increased and
then decreased. The value of MI of slice D decreased in a short initial
period, then increased and decreased again. The different trends of MI
variations of the four selected slices suggest that water migrated from
the top to the bottom of the porous medium sample over time [23]. The
initial decrease in MI of slice D implied fast growth of hydrate forma-
tion at the bottom during that period, which agrees with the result
shown in Fig. 5. As the hydrate blockage broke and the water migration
path formed, the water molecules gradually diffused downward, and
the value of MI of slice D increased. Finally, the value of MI decreased
again as the hydrate formation progressed.

4. Conclusion

The methane hydrate formation process in porous media with dif-
ferent values of initial water saturation was monitored by an MRI
system. The spatial and temporal hydrate-formation behavior was
measured and analyzed. All curves exhibit a rapid stage and a slow
stage; the rapid stage includes a stage of gradual increase (or decrease)
and a stage of abrupt increase (or decrease) stage. In terms of hydrate
formation in physical space, a blockage in the central region of the
sample and a migration path were observed, which demonstrate that

water molecules could break through the blockage when driven by high
partial pressure and capillary force. Moreover, in the selected vertical
slice, water molecules preferred to reside in the middle area all the time
because of the “wall effect,” and the variation trends in hydrate for-
mation parameters of different slices were similar. However, the dis-
tribution of water molecules in different horizontal slices was similar in
the initial stage, and different slices exhibited different trends in water
distribution during the hydrate formation process, which demonstrated
that average hydrate formation rates measured for the whole hydrate
samples were less insightful to understand the physical mechanism of
hydrate growth at micro scale. These findings are expected to provide
guidelines of MRI applications for spatially and temporally analyzing
the physical mechanism of hydrate formation and dissociation by si-
multaneously obtaining macro- and micro-properties.
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